Brassinosteroids (BRs) are plant-specific steroidal hormones; BR homeostasis is crucial for various aspects of plant growth and development. However, to date, the BR inactivation process has not been thoroughly elucidated. In this study, we identified and characterized a novel BAHD family acyltransferase gene, BRASSINOSTEROID INACTIVATOR2 (BIA2), involved in BR inactivation. BIA2-overexpressing (OE-BIA2) plants displayed typical BR-deficient phenotypes, which were rescued by exogenous BR treatment. Real-time qRT-PCR and transcriptome analyses showed that expression levels of virtually all of the BR biosynthetic genes were increased, whereas the expression of many BR inactivation genes was reduced in OE-BIA2 plants. Root inhibition assays showed that the root growth of OE-BIA2 plants was inhibited. We obtained plants with an intermediate phenotype by crossing the OE-BIA2 plants with BRASSINOSTEROID-INSENSITIVE1 (BRI1)-overexpressing plants. The null BIA2 mutants had longer hypocotyls in the dark. BIA2 was predominantly expressed in roots, and its expression was induced by 24-epibrassinolide or dark treatment, but it exhibited a differential expression pattern compared with its homologue, BIA1. Furthermore, genetic transformation with point-mutant and deleted-BIA2 constructs confirmed that the HXXXD motif is essential for the function of BIA2. Taken together, these findings indicate that BIA2 is a typical BAHD acyltransferase that is involved in BR homeostasis and may inactivate bioactive BRs by esterification, particularly in roots and hypocotyls under dark conditions.
Introduction
Brassinosteroids (BRs) are a class of plant-specific steroidal hormones comprising more than 70 polyhydroxylated sterol derivatives (Rao et al., 2002; Bajguz and Tretyn, 2003; Fujioka and Yokota, 2003; Bajguz, 2007) . Throughout the stages of plant growth and development, BRs play diverse roles in virtually all tissues and organs. At the cellular level, they regulate cell elongation and cell division; at the physiological level, they have multiple functions in root growth, shoot growth, reproductive organ development, seed development and germination, senescence, vascular differentiation, and photomorphogenesis (Sasse, 2003; Yang et al., 2011; Kvasnica et al., 2014; Oklestkova et al., 2015) . Furthermore, BRs play important roles in tolerance to various biotic and abiotic stresses, such as temperature extremes, oxidative stress, drought, salt, pesticides, heavy metals, and pathogens. (Bajguz and Hayat, 2009; Hayat et al., 2010; Gomes, 2011; Albrecht et al., 2012; Belkhadir et al., 2012; Nahar et al., 2013; Fariduddin et al., 2014; Sharma et al., 2015) .
Over the decades, the major steps in BR biosynthesis and signal transduction have been defined using genetic and biochemical approaches. BR biosynthesis begins with campesterol (CR), which is converted into brassinolide (BL) through two distinct pathways. One is the campestanol (CN)-dependent pathway, in which CR is first converted to CN then to castasterone (CS) via an early or a late C-6 oxidation pathway, eventually leading to the formation of BL from CS (Suzuki et al., 1994; Fujioka et al., 1995; Choi et al., 1996; Choi et al., 1997; Ohnishi et al., 2009; Ohnishi et al., 2012) . The other is the CN-independent pathway, in which CR is not converted to CN but to 6-deoxotyphasterol (6-deoxoTY) in five steps, and then to BL through the late C-6 oxidation pathway Ohnishi et al., 2006 Ohnishi et al., , 2012 . In Arabidopsis, the CN-independent pathway is the predominant route for BR biosynthesis (Ohnishi et al., 2012) . Currently, many BR biosynthetic enzymes have been identified, such as DE-ETIOLATED2 (DET2) (Li et al., 1996) , DWARF4 (DWF4) (Choe et al., 1998) , CONSTITUTIVE PHOTOMORPHOGENESIS AND DWARFISM (CPD) (Szekeres et al., 1996; Ohnishi et al., 2012) , ROTUNDIFOLIA3 (ROT3) (Ohnishi et al., 2006) , CYP90D1 (Ohnishi et al., 2006) , BRASSINOSTEROID-6-OXIDASE1 (BR6ox1) and BR6ox2 (Bishop et al., 1999; Shimada et al., 2001; Kim et al., 2005) . Among them, DWF4 is thought to catalyse the rate-limiting steps of BR biosynthesis (Kim et al., 2006) . BRs are perceived by the receptor BRASSINOSTEROID-INSENSITIVE1 (BRI1) and its two paralogs, BRI1-LIKE1 (BRL1) and BRL3, which results in multiple reversible phosphorylation and dephosphorylation events that influence the activity of two transcription factors, BRASSINAZOLE-RESISTANT1 (BZR1) and BRI1-EMS-SUPPRESSOR1 (BES1). Finally, BZR1 and BES1 regulate the expression of hundreds of target genes to control many aspects of plant growth and development (Vriet et al., 2013; Saini et al., 2015; Singh et al., 2015; Wei and Li, 2016) .
Unlike other phytohormones, the BRs have extremely low endogenous levels, and an excess or lack of BRs is harmful for plant growth and development (He et al., 2005; Kim et al., 2006) . Moreover, BRs cannot be transported long distances (Symons and Reid, 2004; Savaldi-Goldstein et al., 2007; Symons et al., 2008) . Thus, plants have evolved a series of highly efficient and precise approaches to maintain optimal levels of endogenous BRs. First, a negative feedback loop exists to control the rate of BR biosynthesis, in which BES1 and BZR1 directly inhibit the expression of DWF4, CPD, ROT3, BR6ox1, and BR6ox2 when the endogenous levels of BRs exceed a certain threshold (Bancoş et al., 2002; Tanaka et al., 2005; He et al., 2005; Sun et al., 2010; Yu et al., 2011) . Second, previous studies have found that some transcription factors can control the homeostasis of endogenous BRs by regulating key BR biosynthetic genes. For example, TEOSINTE BRANCHED1/CYCLOIDEA/ PROLIFERATING CELL FACTOR1 (TCP1) directly binds to the promoter of DWF4 and positively regulates its expression (Guo et al., 2010) . CESTA (CES) directly binds to GGNCCC and G-box motifs in the promoter of CPD and elevates its expression (Poppenberger et al., 2011) . BREVIS RADIX (BRX) targets CPD to up-regulate its transcription (Mouchel et al., 2006) . In addition, BRs can be inactivated by various mechanisms, including epimerization, hydroxylation, glycosylation, sulfonation, esterification, dehydrogenation, and demethylation, which play critical roles in maintaining optimal levels of bioactive endogenous BRs (Bajguz, 2007) . A few proteins or enzymes responsible for BR inactivation have been identified. PHYB ACTIVATION-TAGGED SUPPRESSOR1 (BAS1) can catalyse the conversion of both CS and BL to their C-26 hydroxylated derivatives (Neff et al., 1999; Turk et al., 2003) . CYP72C1, a paralog of BAS1, has a distinct function from BAS1, and may have upstream intermediates of BL as its substrates (Nakamura et al., 2005; Takahashi et al., 2005; Turk et al., 2005; Thornton et al., 2010) . BEN1, a dihydroflavonol 4-reductase-like protein, is hypothesized to convert TY, CS, and BL to their C-6 hydroxylated derivatives (Yuan et al., 2007) . Two UDP-glycosyltransferases (UGTs), UGT73C5 and UGT73C6, have redundant roles in catalysing the 23-O-glucosylation of CS and BL (Poppenberger et al., 2005; Husar et al., 2011) . ATST4A and ATST1 can sulfonate diverse 24-epiBRs, especially 24-epiCT. However, there is no genetic evidence that ATST4A and ATST1 inactivate brassinosteroids in vivo (Marsolais et al., 2007; Sandhu and Neff, 2013; Hirschmann et al., 2014) . In recent years, two putative BAHD family acyltransferases, PIZZA (PIZ)/ BR-RELATED ACYLTRANSFERASE1 (BAT1)/DWARF AND ROUND LEAF1 (DRL1) and BRASSINOSTEROID INACTIVATOR1 (BIA1)/ABNORMAL SHOOT1 (ABS1), have been reported to be involved in inactivating endogenous bioactive BRs by different research groups (Roh et al., 2012; Wang et al., 2012; Schneider et al., 2012; Zhu et al., 2013; Choi et al., 2013) . Heterologously expressed PIZ could convert BL, CS, and TY to their corresponding lauricacid esters in an in vitro enzymatic assay (Schneider et al., 2012) . However, the acyltransferase activity of BIA1 has not been demonstrated, and the mechanism of BR inactivation by PIZ1 and BIA1 also remains to be elucidated.
In this study, another member of the BAHD acyltransferases, At5G47950, which belongs to clade III like BIA1 and is hereafter referred to as BIA2, was characterized using overexpression and null plants. Overexpression of BIA2 resulted in BR-deficient phenotypes, and the exogenous application of 24-epibrassinolide (24-epiBL) effectively rescued these phenotypes. BIA2 null mutants had longer hypocotyls in the dark. Point mutations of BIA2 confirmed that the HXXXD motif is essential for the function of BIA2. These results suggest that BIA2 is a typical BAHD acyltransferase and that it may play a role in BR inactivation by the esterification of certain BRs.
Materials and methods

Plant material and growth conditions
The plant material used in this study was Arabidopsis with the ecotype Columbia-0 (Col-0) background. The overexpression lines OE-BIA2, OE-BRI1, OE-BIA2-L, and OE-BIA2-R were constructed with transgenic technology. The T-DNA insertion mutants bia2-1 (SALK_080717) and bia2-2 (CS824575) were obtained from the Arabidopsis Biological Resource Center (http://www.arabidopsis.org), and the homozygous T-DNA insertion plants were identified by genotyping PCR. For all experiments, the seeds were stratified at 4 °C for 3 d and then germinated on 1/2 Murashige and Skoog (MS) agar medium with various concentrations of 24-epiBL or in soil mixed with vermiculite. The Arabidopsis plants were grown in controlled greenhouse conditions (a cycle of 16 h light/8 h dark) at 21-23 °C with 30-60% humidity. 24-epiBL was purchased from Sigma-Aldrich (China) and dissolved in dimethyl sulfoxide (DMSO) at 10 mM for experiments.
Measurement of chlorophyll
The chlorophyll concentration was determined on a fresh-weight basis. Leaves of 3-week-old wild-type (WT) and OE-BIA2 plants were harvested and weighed. Total chlorophyll (Chl) was extracted with acetone:alcohol (8:1, v/v) solvent, and then measured using a spectrophotometer (MAPADA, UV-1800) according to the method previously described (Harmut and Lichtenthaler, 1987) . For each experiment, there were five biological replicates.
Plasmid construction and plant transformation
The coding sequences of BIA2, BIA2-L, BIA2-R, and BRI1 were amplified from Arabidopsis cDNA by Phusion DNA Polymerase (F-530S, Thermo Fisher Scientific), for which the primers shown in Supplementary  Table S1 at JXB online were used. The PCR products and the binary vector pMDC83 were digested with the same restriction endonucleases and then ligated using T4 ligase. All the inserted fragments were confirmed as being correct by enzyme digestion analysis and sequencing. Finally, the constructed plasmids were introduced into Arabidopsis by Agrobacteriummediated transformation using the floral dip method (Clough and Bent, 1998) .
Real-time qRT-PCR analyses
Total RNA was extracted using the Tiangen RNAprep plant kit containing the DNase I treatment reagent (Tiangen). First-strand cDNA synthesis from 2 μg of total RNA was performed using the Toyobo ReverTra Ace RT-PCR system (Toyobo, Japan) according to the manufacturer's instructions. Real-time qRT-PCR analyses were performed using the SYBR Green Real-Time PCR Master Mix (Toyobo, Japan) and Bio-Rad CFX96TM Real-Time system (Bio-Rad, USA). The data were analysed using CFX Manager Software according to the 2 t −∆∆C method. For each experimental line, there were four biological replicates. ACTIN2 was used as a reference gene to normalize transcript levels for all expression analyses. The sequences of primers used for real-time quantitative reverse transcription PCR (qRT-PCR) analyses are listed in Supplementary Table S1 .
GUS assay
A 1483-bp upstream fragment of the BIA2 gene was PCR-amplified from WT Arabidopsis genomic DNA and cloned into the binary vector pCAMBIA2300. The promoter-GUS construct was then introduced into Arabidopsis by Agrobacterium-mediated transformation. Various organs and tissues from the transgenic lines were treated with 90% (v/v) acetone for 0.5 h on ice and stained with 5-bromo-4-chloro-3-indolyl-β-D-glucuronide (X-Gluc) solution at 37 °C for 12 h to visualize the β-glucuronidase (GUS) activity (Willemsen et al., 1998) . Finally, the stained tissues were cleared with 75% (v/v) ethanol repetitiously and photographed using a stereo light microscope. The GUS staining solution was composed of 50 mM sodium phosphate buffer (pH 7.0), 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 10 mM EDTA, 0.1% (v/v) Triton X-100, and 1 mg ml −1 X-Gluc.
Subcellular localization of BIA2
The full-length coding sequence of BIA2 without the stop codon (TAA) was PCR-amplified using the primers BIA2SL-F/BIA2SL-R (Supplementary Table S1 ) and then inserted into the expression vector pM999 fusion with green fluorescent protein (GFP). The BIA2-GFP fusion construct was delivered into Arabidopsis protoplasts prepared from leaf mesophyll by polyethylene glycol (PEG)/calcium-mediated transformation (Yoo et al., 2007) . Fluorescence signals were detected and photographed by a confocal laser microscope. The spontaneous fluorescence of chlorophyll was used as an indicator of the chloroplast.
RNA-seq sequencing and data analysis
For RNA-seq sequencing, the total RNA was extracted from 2-weekold seedlings of WT, OE-BIA2, bia2-1, and bia2-2 plants. The samples were sequenced via the Illumina HiSeq TM 2500 platform with three biological replicates for each experiment, and for each sample 3 Gb of sequencing data were obtained. Raw sequences were processed by removal of the adaptor and low-quality sequences using SolexaQA (Cox et al., 2010) . Gene expression was calculated by normalized read counts (NRC) using DESeq2 (Love et al., 2014) . Differentially expressed genes (DEGs) were identified according to the restrictive conditions of foldchange ≥1.2 and false discovery rate (FDR) ≤0.05, and annotated to Kyoto Encyclopedia of Genes and Genomes (KEGG) reference pathways using TBtools (http://cj-chen.github.io/TBtools/) with a restrictive condition of FDR ≤0.05.
Results
Overexpression of BIA2 in Arabidopsis causes BR-deficient phenotypes
In Arabidopsis, there are 61 recognized BAHD family members, which have a variety of functions. However, some of these members have not been studied. To investigate the functions of these genes, we overexpressed them under the control of the Pro35S promoter. Among them, the BIA2 overexpression plants, which are referred to as OE-BIA2 lines, exhibited a dwarf phenotype throughout the growth period (Fig. 1A, B) . When grown in the soil, the OE-BIA2 plants showed short and round dark-green leaves (Fig. 1C) , and quantitative analysis of the chlorophyll concentration confirmed that chlorophyll accumulation in OE-BIA2 plants was higher than in the WT plants (Fig. 1I ). In addition, the OE-BIA2 plants showed reduced fertility, and mature siliques of OE-BIA2 contained few or no seeds (Fig. 1D, K) . When grown on 1/2 MS agar medium, the OE-BIA2 plants had significantly shortened hypocotyls in both light and dark conditions ( Fig. 1E-H ). All the phenotypes of OE-BIA2 plants are typically associated with BR-deficient or BR-signaling mutations. We investigated BIA2 transcript levels in both OE-BIA2 and WT seedlings by real-time qRT-PCR analysis. The expression level of BIA2 was increased by approximately 250-fold in OE-BIA2 plants (Fig. 1J ). These results indicated that the BR-deficient phenotypes were caused by the overexpression of BIA2. 
Exogenous BR rescues the BR-deficient phenotypes of OE-BIA2 plants
Exogenous BR can rescue BR-deficient phenotypes, and this approach enables BR-deficient and BR-signaling mutants to be distinguished (Clouse, 1996) . We germinated the OE-BIA2 and WT plants on 1/2 MS agar medium. Six days later, the seedlings were transferred to medium with various concentrations of 24-epiBL for 6 d. The OE-BIA2 plants showed curled leaves and shortened petioles in the absence of 24-epiBL. However, when grown on medium with 0.1 μM 24-epiBL, the curled leaves of OE-BIA2 plants unfolded partially, and when grown on medium with 0.5 or 1 μM 24-epiBL, the leaves unfolded and the petioles elongated completely ( Fig. 2A) . The dwarf phenotype could be rescued with exogenous BR at concentrations above 0.1 μM.
To test whether the shortened hypocotyls were responsive to exogenous BR, we analysed the hypocotyl lengths of OE-BIA2 and WT plants grown on 1/2 MS agar medium with various concentrations of 24-epiBL. In the light, the hypocotyls of OE-BIA2 plants elongated with increasing concentrations of 24-epiBL, and when the 24-epiBL concentrations were over 0.1 μM, the hypocotyl lengths of OE-BIA2 and WT plants were similar ( Fig. 2B, D) . In the dark, with increasing concentrations of 24-epiBL, the hypocotyl lengths of WT plants gradually decreased; however, the hypocotyl lengths of OE-BIA2 plants increased at low concentrations of 24-epiBL and decreased at high concentrations of 24-epiBL (Fig. 2C, E) . In summary, treatment with the appropriate concentration of exogenous BR could rescue the shortened hypocotyl of OE-BIA2 plants both in the light and in the dark.
Because exogenous BR could rescue the BR-deficient phenotypes of OE-BIA2 plants grown on medium, to determine whether the seedling-feeding experiment was also valid for soil-grown OE-BIA2 plants, 1-week-old OE-BIA2 plants were sprayed with 1 μM 24-epiBL every 2 d. After 2 weeks, the dwarf phenotype of OE-BIA2 plants was rescued partially. However, 1 μM 1-naphthaleneacetic acid (NAA) did not rescue the dwarf phenotype (Fig. 2F) . The results suggested that the OE-BIA2 plants are BR-deficient mutants.
BR signaling was not affected in the OE-BIA2 plants
We overexpressed BRI1 under the control of the Pro35S promoter to obtain BRI1 overexpression plants, referred to as OE-BRI1, in which additional copies of the BR receptor BRI1 enhance BR signaling (Wang et al., 2001; Roh et al., 2012) . Next, we obtained the plants overexpressing both BIA2 and BRI1 (OE-BIA2/BRI1 plants) by crossing the OE-BIA2 line with OE-BRI1 plants. The dwarf phenotype of the OE-BIA2 plants was rescued partially by overexpression of BRI1 in the OE-BIA2/BRI1 plants (Fig. 3A) . This result demonstrated that the BR signaling pathway was not altered in the OE-BIA2 plants. To confirm the above conclusion, we performed a root inhibition assay using 0.1 and 0.2 μM 24-epiBL. A high concentration of BRs can inhibit the root growth of WT and BR-deficient mutants but not BR-signaling mutants in Arabidopsis (Roddick et al., 1993; Clouse et al., 1996; Müssig et al., 2003; Zhu et al., 2013) . Thus, it is possible that if the BR signaling was not altered in the OE-BIA2 plants, the root growth of the OE-BIA2 plants would be inhibited similar to the WT plants in the root inhibition assay. As expected, the OE-BIA2 plants showed a 24-epiBL response similar to the WT plants (Fig. 3B ). Taking these results together, we speculated that the dwarf phenotype of the OE-BIA2 plants is due to the alteration of endogenous BR levels, and not the alteration of BR signaling.
Expression patterns of BR-related genes were altered in the OE-BIA2 plants
In the BR-deficient mutants, the expression levels of BR-biosynthesis marker genes, including DWF4, CPD, and BR6ox1, are up-regulated through a feedback regulation mechanism (Choe et al., 2001; Bancoş et al., 2002; Tanaka et al., 2005; Song et al., 2009) , whereas the expression levels of BR-inactivation genes, such as BAS1, CYP72C1, and TOUCH4 (TCH4), are down-regulated (Iliev et al., 2002; Tanaka et al., 2005) . We tested the expression patterns of the BR-related genes in the OE-BIA2 plants by real-time qRT-PCR analysis, using WT plants as a control. Unsurprisingly, the expression levels of DWF4, CPD, and BR6ox1 were significantly higher in OE-BIA2 plants, while the expression levels of BAS1, CYP72C1, and TCH4 were significantly decreased in OE-BIA2 plants (Fig. 3C ). These data further indicated that accumulation of BRs is reduced in the OE-BIA2 plants.
Loss-of-function mutants of BIA2 exhibited longer hypocotyls in dark
To investigate the function of BIA2, we obtained T-DNA insertion lines bia2-1 (SALK_080717) and bia2-2 (CS824575) from the Arabidopsis Biological Resource Center (http:// www.arabidopsis.org). The precise insertion sites were verified by sequencing; the bia2-1 mutant has a T-DNA insertion at the 3′ end of BIA2, and the bia2-2 mutant has a T-DNA insertion at the 5′ end of BIA2 (Fig. 4A) . Subsequently, we obtained homozygous T-DNA insertion plants of bia2-1 and bia2-2 by genotyping PCR, using primers LP1, RP1, LP2, RP2, and LB (Fig. 4B) . We next investigated the transcript levels of BIA2 in the bia2-1 and bia2-2 mutants. The same results were obtained using 9-day-old and 2-week-old seedlings. In the bia2-1 mutant, the 5′ end region of BIA2 located before the insertion site had significantly reduced transcript levels, and the 3′ end region located spanning the insertion site had barely detectable transcript levels. In the bia2-2 mutant, the transcript levels of both 5′ end and 3′ end regions of BIA2 were undetectable (Fig. 4C ). These results indicated that both bia2-1 and bia2-2 are BIA2-null mutants.
We grew bia2-1 and bia2-2 plants in soil under normal conditions; compared with the WT plants, no obviously different phenotypes were observed. We grew bia2-1 and bia2-2 plants on 1/2 MS agar medium in dark and light conditions, respectively, and measured the hypocotyl lengths. The bia2-1 and bia2-2 plants had elongated hypocotyls in the dark compared with WT, but no difference was observed when they were grown in the light (Fig. 4D-F) . In addition, when the bia2-1, bia2-2, and WT plants were grown on 1/2 MS agar medium with various concentrations of 24-epiBL in the dark, similar to the bia1-3 plants (Roh et al., 2012) , the hypocotyls of the bia2-1 and bia2-2 plants were more responsive to exogenous BR than that of the WT plants (Fig. 4G) . To explore whether the elongated hypocotyls resulted from altered BR levels in the dark, we determined the expression levels of CPD, DWF4, and RB6ox1 in the bia2 mutants and found they were reduced (Fig. 4H) . These results suggested that BR levels were elevated in the dark-grown bia2 seedlings, and BIA2 might have a function under dark conditions.
Expression patterns of BIA2 in Arabidopsis
To further explore the function of BIA2 in plant growth and development, we evaluated the spatial and temporal expression patterns of BIA2 by real-time qRT-PCR analysis. The transcripts of BIA2 were detected at high levels in the roots and 10-dayold seedlings, but were barely detectable in 3-week-old seedlings without roots, rosette leaves, cauline leaves, flowers, buds, stems, and siliques (Fig. 5A) . To confirm which part of the seedlings, roots, or aerial organs, have transcript levels of BIA2, the expression level of BIA2 was determined in various seedlings. High transcript levels of BIA2 were detected in 7-day-old seedlings, 10-day-old seedlings, 14-day-old seedlings and 3-week-old seedlings, but not in the seedlings without roots (Fig. 5B) . Thus, we confirmed that BIA2 was predominantly expressed in roots. These results were consistent with the expression profiling results from the public microarray data Arabidopsis eFP Browser (http://bbc. botany.utoronto.ca/efp/cgi-bin/efpWeb.cgi).
Next, the tissue expression patterns of BIA2 were examined by promoter-GUS reporter analysis. We fused a 1.5-kb fragment of the BIA2 promoter to the Escherichia coli β-glucuronidase (GUS) reporter gene and transformed it into Arabidopsis via Agrobacterium-mediated transformation. BIA2 expression was observed in the roots. In addition, GUS signals were also detected in the bottom of hypocotyls and hydathodes of the leaf edge (Fig. 5C) . Consistent with the real-time qRT-PCR results, the promoter-GUS analysis results further indicated that BIA2 is primarily expressed in the roots. Arabidopsis BAHD family members have been reported to be located in various subcellular compartments, including the cytosol, nucleus, chloroplast, and endoplasmic reticulum. To investigate the subcellular localization of BIA2, a CaMV35S::BIA2:GFP construct was generated and transiently expressed in Arabidopsis protoplasts via PEG/calciummediated transformation. Similar to the subcellular localization of BIA1 (Roh et al., 2012; Wang et al., 2012) , the GFP signals of CaMV35S::BIA2:GFP were found primarily in the cytosol, indicating that BIA2 is likely a cytosolic protein (Fig. 5D) .
Expression of BIA2 was induced in the dark and by BR
Loss-of-function mutants of BIA2 had longer hypocotyls in dark, and it has been reported that BIA1 and CYP72C1, which also exhibited longer hypocotyls in the dark, were expressed more strongly in the dark than in the light (Turk et al., 2005; Takahashi et al., 2005; Roh et al., 2012) . Therefore, we investigated the transcriptional induction of BIA2, BIA1, and CYP72C1 by real-time qRT-PCR analysis, using 6-and 9-day-old seedlings grown in the light and dark. The expression levels of BIA2, BIA1, and CYP72C1 were all increased in the dark, and the only difference was that the increased degree of BIA2 expression was comparatively lower than that of BIA1 and CYP72C1 (Fig. 6A ). In addition, we also detected GUS signal in hypocotyl under dark conditions but not in the light (Fig. 5C ). These results indicated that BIA2 expression is induced in the dark, especially in hypocotyl. BIA2 and BIA1 both belong to clade III of the BAHD family (D'Auria, 2006), and their expression patterns are similar. To more precisely assess the transcriptional regulation of BIA2 and BIA1 by light, we grew WT plants on 1/2 MS agar medium under normal lighting conditions, and 1 week later, the WT seedlings were moved to dark conditions for 1, 2, 4, 6, or 8 d. The transcriptional levels of BIA2 and BIA1 were detected in the seedlings having undergone various dark treatments, and the seedlings grown in normal lighting conditions were used as controls. Interestingly, the expression levels of BIA2 were significantly increased in seedlings in the dark for 1, 2, and 4 d, but after 6 d, the expression levels of BIA2 were not altered or even reduced. However, when grown in the dark for 1 d, the expression level of BIA1 was unchanged, but when grown in the dark for more than 2 d, the expression level of BIA1 was significantly increased (Fig. 6B) . These results indicated that the transcription of BIA2 is induced faster than that of BIA1, but lasted for a much shorter time in the dark.
Both the overexpression and loss-of-function BIA2 plants displayed similar phenotypes to those of BIA1 and CYP72C1, and they had similar expression patterns in the dark (Turk et al., 2005; Takahashi et al., 2005; Roh et al., 2012; Wang et al., 2012) . Thus, BIA2 may play a role in BR inactivation that is similar to BIA1 and CYP72C1. Many previously reported genes involved in BR inactivation, including BIA1, CYP72C1, BAS1, and DRL1, are induced by BRs to maintain BR homeostasis (Goda et al., 2002; Tanaka et al., 2005; Jung et al., 2010; Roh et al., 2012; Wang et al., 2012; Zhu et al., 2013) . We measured the expression levels of BIA2 and BIA1 in response to exogenously applied 24-epiBL. Eleven-day-old WT seedlings were treated with 1 μM 24-epiBL for 1, 2, 4, 6, or 12 h. As expected, the transcriptional levels of both BIA2 and BIA1 were significantly increased after the 24-epiBL treatment (Fig. 6C) . To test the sensitivity of BIA2 and BIA1 to BRs, we check the expression of both genes in 9-day-old WT seedlings grown on 1/2 MS agar medium with various concentrations of 24-epiBL. Treated with 0.01 μM 24-epiBL, only BIA1 was induced. However, when treated with 0.05 or 0.1 μM 24-epiBL, both BIA2 and BIA1 were induced (Fig. 6D) . These results suggested that BIA1 is more sensitive to BRs than BIA2.
In conclusion, we speculate that BIA2 may play a role in BR homeostasis that is similar to other BR-inactivating genes.
HXXXD motif is crucial for BIA2
BIA2 is annotated as a putative HXXXD-type BAHD acyltransferase (http://www.arabidopsis.org). To determine whether the HXXXD motif is essential for the function of BIA2, we overexpressed two mutational BIA2 sequences, one that lacked the HXXXD motif and the other with the HXXXD replaced with AXXXA, named BIA2-L and BIA2-R, respectively (Fig. 6E) . Eleven OE-BIA2-L lines and 21 OE-BIA2-R lines were obtained. Unlike the OE-BIA2 plants, during the whole growth and development of the OE-BIA2-L and OE-BIA2-R plants, no obviously different phenotypes were observed compared with the WT plants (Fig. 6F) . These results suggested that BIA2 is a typical BAHD family member and its normal function is dependent on the HXXXD motif.
Transcriptome analysis of BIA2 overexpression and null plants
To explore the global impact of BIA2 on plant growth and development, we investigated the transcriptomes of OE-BIA2, bia2-1 null, bia2-2 null and WT plants (referred to as OE, T1, T2, and WT, respectively) by RNA-seq using the Illumina HiSeq TM 2500 platform with three biological replicates for each experimental line. The transcript abundance of each gene was estimated by NRC. Using the restrictive conditions of fold-change ≥1.2 and a FDR ≤0.05, 3852 DEGs (1449 upregulated, termed OE-up, and 2403 down-regulated, termed OE-down) were identified between the OE and WT samples, but only 302 DEGs (106 up-regulated, termed T-up, and 196 down-regulated, termed T-down) were detected between the bia2 mutants and WT samples (Supplementary Table S2 ).
We performed KEGG pathway enrichment analysis to investigate the functions of the DEGs using TBtools (http:// cj-chen.github.io/TBtools/) according to the restrictive condition of FDR ≤0.05. In OE-up, 'brassinosteroid biosynthesis' was the most highly represented pathway; furthermore, many other transcription-and translation-related pathways were enriched. In OE-down, the enriched pathways were divided into three major classes: flavonoid biosynthesis, metabolism of lipid and other secondary metabolites, and environmental adaptation. Similar expression level changes of flavonoid biosynthesis related genes were also observed in abs1-1D and det2-1 plants (Wang et al., 2012) . In T-up, there were no enriched pathways. In T-down, only photosynthesis, circadian rhythm, and carbohydrate metabolism pathways were slightly enriched ( Fig. 7A; Supplementary Table S3) .
We investigated the transcript levels of BIA2 in different plants, and similar to the real-time qRT-PCR results, OE-BIA2 plants had about a 185-fold increase in BIA2 transcript levels (Supplementary Table S2 ). In bia2-1 plants, reduced RNA-seq reads were detected at the 5′ regions of BIA2, but hardly any RNA-seq reads were detected at the 3′ regions, and in bia2-2 plants, almost no RNA-seq reads mappped to BIA2 after the T-DNA insertion site (Fig. 4I) . Thus, the transcriptome analysis further confirmed that the OE-BIA2, bia2-1, and bia2-2 plants are efficient overexpression and null plants. We also investigated the transcript levels of PIZ and BIA1 in different plants and observed no differences (Supplementary Tables S2 and S4 ). The real-time qRT-PCR results confirmed the RNA-seq data ( Fig. 7B; Supplementary Fig. S1 ). In addition, the expression levels of PIZ and BIA1 were unchanged in the bia2-1 and bia2-2 null plants grown in the dark (Supplementary Fig. S1 ). In , and CYP72C1 using 6-and 9-day-old seedlings grown in the light and dark. The results are presented as relative transcript abundances and the expression levels in the light were defined as 1. Data represent means ±SD of four biological replicates (t-test: **P<0.01). (B) One-week-old WT seedlings were moved to dark condition for various times, the transcriptional levels of BIA2 and BIA1 were detected by real-time qRT-PCR analysis, and the sameaged seedlings grown in normal lighting conditions were used as controls. The results are presented as relative transcript abundance. Data represent means ±SD of four biological replicates (t-test: *P<0.05; **P<0.01). (C) Expression levels of BIA2 and BIA1 were determined by real-time qRT-PCR analysis in 11-day-old WT seedlings treated with 1 μM 24-epiBL for 1, 2, 4, 6, or 12 h. Seedlings treated with dimethyl sulfoxide (DMSO) were used as controls. The results are presented as relative transcript abundance. Data represent means ±SD of four biological replicates (t-test: **P<0.01). (D) Expression levels of BIA2 and BIA1 in response to various concentrations of BR were determined by real-time qRT-PCR analysis. Nine-day-old WT seedlings grown on 1/2 MS agar medium with various concentrations of 24-epiBL were used. The results are presented as relative transcript abundance and the expression levels in seedlings without 24-epiBL were defined as 1. Data represent means ±SD of four biological replicates (t-test: *P<0.05; **P<0.01). (E) The partial amino acid sequences of BIA2, BIA2-L, and BIA2-R. The gray backgrounds indicate the HXXXD motif, and the underlined letters indicate the replaced amino acid residues. (F) Six-week-old WT and various overexpression plants grown in soil. (This figure is available in color at JXB online.) summary, whether grown in the light or dark, PIZ and BIA1 showed the same expression levels in the OE-BIA2, bia2-1 null, bia2-2 null, and WT plants.
The homeostasis of BRs has been studied for decades in the model plant Arabidopsis, and many genes with identified or putative roles in BR biosynthesis and inactivation have been described. In the OE-BIA2 plants, except for DET2, all the known BR biosynthesis-related genes showed increased transcriptional levels. In contrast, five down-regulated genes, namely BAS1, CYP72C1, UGT73C5, UGT73C6, and ATST1, are involved in BR inactivation (Supplementary Table S4 ). The real-time qRT-PCR results confirmed the high reliability of the RNA-seq data (Figs 3C, 7B) .
Genetic complementation experiments of the bia2 mutants with BIA1 and BIA2
Two binary plasmids, ProBIA1:BIA1 and ProBIA2:BIA2, containing promoter regions and coding regions, were individually introduced into bia2-1 and bia2-1 homozygous plants by Agrobacterium tumefaciens-mediated transformation. Only for the BIA2 gene, transgenic lines displayed similar hypocotyl lengths compared with the WT plants when grown in the dark (Fig. 8) . These experiments strongly indicated that BIA2 but not BIA1 could rescue the phenotype of the bia2 mutants.
Discussion
Overexpression of BIA2 reduces the bioactive BR levels
In this study, OE-BIA2 plants overexpressing the BAHD family acyltransferase BIA2 displayed a series of BR-deficient or -insensitive phenotypes (Fig. 1) . Determination of whether exogenously applied BRs can rescue the mutant phenotype is a direct and efficient approach to distinguish between BR-deficient and -insensitive mutants (Clouse, 1996) . We tested this using three experiments. One was growing the OE-BIA2 plants on 1/2 MS agar medium for 6 d and then transferring them to medium with various concentrations of 24-epiBL for 6 d. Another was directly growing the OE-BIA2 plants on 1/2 MS agar medium with various concentrations of 24-epiBL, both in the light and in the dark. The last was growing the OE-BIA2 plants in soil and spraying them with 1 μM 24-epiBL periodically. All three approaches could rescue the phenotypes of OE-BIA2 plants (Fig. 2) , indicating that OE-BIA2 plants belong to the BR-deficient mutants and 24-epiBL is not the preferred substrate for BIA2, for otherwise applications of 24-epiBL would not rescue the BR-deficient phenotypes of OE-BIA2 plants. Furthermore, the root inhibition assays using a high concentration of 24-epiBL and genetic evidence from crossing the OE-BIA2 with OE-BRI1 plants (Fig. 3A, B) , further confirmed that the BR signaling was not altered in the OE-BIA2 plants. When the endogenous BRs are decreased, BR-biosynthesis genes will exhibit up-regulated expression, but BR-inactivation genes will exhibit down-regulated expression through a negative feedback regulation mechanism (Choe et al., 2001; Bancoş et al., 2002; Iliev et al., 2002; Tanaka et al., 2005; Song et al., 2009 ). There was a notable negative feedback regulation trend in the OE-BIA2 plants, as both real-time qRT-PCR and transcriptome analyses showed that almost all the BR-biosynthesis gene expression levels were increased, whereas the expression of many BR-inactivation genes was reduced, such as BAS1, CYP72C1, UGT73C5, UGT73C6, and ATST1 (Figs 3C, 7B; Supplementary Table S4) . This transcriptional change indicated endogenous BRs are decreased in the OE-BIA2 plants. BL promotes hypocotyl elongation when seedlings are grown in the light and inhibits hypocotyl elongation when seedlings are grown in the dark (Mandava, 1988; Turk et al., 2003) . In our study, the hypocotyl elongation experiment also suggested that OE-BIA2 plants have deficient levels of endogenous BRs. In the dark, the hypocotyl lengths of OE-BIA2 plants increased until the exogenous BL complemented the lack of endogenous BRs and then decreased with increasing 24-epiBL concentration, unlike what was observed for the WT plants (Fig. 2C, E) . In conclusion, the results suggested that overexpression of BIA2 reduced the endogenous BR levels, resulting in various BR-deficient phenotypes in OE-BIA2 plants.
BIA2 is a typical BAHD acyltransferase that may be involved in the inactivation of BRs by esterification
In plants, endogenous BR levels are exceptionally low Pan et al., 2010) , and a lack of BRs or excess BRs are harmful to normal growth and development. Moreover, BRs cannot be transported over long distances (Symons and Reid, 2004) . Thus, the homeostasis of BRs, controlled by their biosynthesis and metabolism, is essential for plant growth responses to various environmental and physiological signals. Esterification is an important BR inactivating pathway in maintaining the balance of endogenous BR levels (Fujioka and Yokota, 2003) . BR esterification has been observed in some plant species. For example, the esterified metabolites conjugating 3,24-diepiCS and 3,24-diepiBL with laurate, myristate, and palmitate were detected in Ornithopus sativus (Kolbe et al., 1995 (Kolbe et al., , 1996 , teasterone (TE)-3β-laurate and TE-3β-myristate were isolated from Lilium longiflorum (Asakawa et al., 1994; Asakawa et al., 1996; Soeno et al., 2000) . Furthermore, many esterified BR metabolites can be synthesized in vitro. However, the precise mechanism of BR esterification is unclear, and no identified enzymes catalysing this process have been described in Arabidopsis.
Previous studies have shown that two putative BAHD family acyltransferases, PIZ and BIA1, may play a role in the esterification of BRs, but with the exception of PIZ converting BL, CS, and TY to the corresponding lauric acid esters by an in vitro enzymatic assay (Schneider et al., 2012) , no direct evidence has been provided to identify the esterification activity of PIZ and BIA1. There are 61 putative HXXXD-type BAHD acyltransferases in Arabidopsis. Although the primary sequences of the BAHD superfamily enzymes show only 10-30% similarity at the amino acid level, and the characterized BAHD members are associated with various metabolic pathways, most BAHDs contain two conserved HXXXD and DFGWG motifs (St-Pierre and De Luca, 2000; D'Auria, 2006) . The HXXXD motif plays a role in catalysing acyltransferase activity, and the histidine residue has been shown in the catalytic center that is crucial for activity. The DFGWG motif, which may be absent or variable in some BAHDs, is predicted to maintain the structural stability of the enzyme (Suzuki et al., 2003; Bayer et al., 2004; Ma et al., 2005; D'Auria, 2006; Unno et al., 2007; Yu et al., 2009; Zheng et al., 2009) . The 61 BAHD acyltransferases were identified by amino acid sequence alignment, so some of them may not be typical BAHD acyltransferases. For example, CER2, CER2-LIKE1, and CER2-LIKE2 are classified as BAHD acyltransferases based on sequence homology, but they do not have acyl transfer activity and the catalytic HXXXD motif is not required for their functions (Haslam et al., 2012; Haslam et al., 2017) .
In this study, we obtained two transgenic lines, OE-BIA2-L and OE-BIA2-R, that overexpress mutated BIA2 sequences lacking the HXXXD motif or contain the mutated AXXXA motif, respectively (Fig. 6E) . Neither of the OE-BIA2-L and OE-BIA2-R plants exhibited any OE-BIA2-like phenotype (Fig. 6F) . This genetic evidence confirmed that BIA2 is a typical BAHD acyltransferase with the HXXXD motif as a catalytic active site. Typical BAHD acyltransferases catalyse the formation of ester or amide bonds. Thus, BIA2 may be involved in the inactivation of BRs by esterification. Some BR-biosynthesis genes, such as DWF4 and ROT3, show very high expression levels in roots. However, roots contain the lowest amount of endogenous BRs (Clouse and Sasse, 1998; Shimada et al., 2003) . Thus, roots need BR-inactivation genes to maintain low BR levels, and accordingly BAS1, CYP72C1, PIZ, and BIA1 are all highly expressed in roots Takahashi et al., 2005; Schneider et al., 2012; Choi et al., 2013) . In this study, real-time qRT-PCR and promoter-GUS analyses both indicated that BIA2 is primarily expressed in roots (Fig. 5A-C) . In fact, endogenous BR levels are higher in lightgrown seedlings than those grown in the dark (Choe et al., 2001) . Thus, the expression of some BR-inactivation genes, such as BIA1 and CYP72C1, was induced in the dark (Turk et al., 2005; Takahashi et al., 2005; Roh et al., 2012) . In our work, BIA2 transcription was induced by dark treatment (Fig. 6A, B) . Furthermore, BIA2 expression was significantly up-regulated by the exogenous application of 24-epiBL (Fig. 6C, D) . These expression patterns and BR-deficient phenotypes of the OE-BIA2 plants are consistent with the conclusion that BIA2 may be involved in the inactivation of BRs by esterification.
BIA2 has distinct functions from that of its homolog BIA1
BIA2 and BIA1 were both assigned to clade III of the BAHD family acyltransferases (D'Auria, 2006) . The overexpression and null T-DNA insertion plants of BIA2 and BIA1 displayed almost the same phenotypes in the light and dark. However, we have provided some evidences that they may play different roles. Except for roots, BIA1 showed relatively high expression level in siliques, but the expression of BIA2 was not detected in siliques (Fig. 5A, C ; Roh et al., 2012; Wang et al., 2012) , indicating that BIA2 and BIA1 have different temporal and spatial expression patterns. In the dark, the transcriptional level of BIA1 showed a larger increase than that of BIA2 (Fig. 6A ). In addition, the expression of BIA2 was induced quickly, but this was only a short-term response, whereas the BIA1 expression was induced slowly but was sustained over a long time (Fig. 6B) . A low concentration of 24-epiBL could induce BIA1 expression, but the transcript of BIA2 was only induced by high concentrations of 24-epiBL (Fig. 6D) . After 1 μM 24-epiBL treatment, the transcript of BIA1 was highly induced at 4 h and this induction was sustained until 12 h, whereas BIA2 reached its highest expression level at 2 h but then gradually diminished to 6 h (Fig. 6C) . From these differences, we speculated that BIA2 is a faster and more efficient enzyme involved in the inactivation of BRs than BIA1 and that BIA2 may be responsive to certain more severe environmental stimuli or physiological signals transiently. If BIA2 has redundant functions with BIA1 or PIZ, BIA1 or PIZ transcriptional levels may change in OE-BIA2, bia2-1, and bia2-1 null plants. However, compared with WT plants, the OE-BIA2, bia2-1, and bia2-1 null plants showed the same expression levels of BIA1 and PIZ both in light and dark conditions ( Fig. 7B ; Supplementary Fig. S1 ; Supplementary Table S4) . To further explore the difference between BIA1 and BIA2, genetic complementation experiments with the bia2 mutants with BIA1 and BIA2 were carried out, showing that BIA2 can rescue the phenotype of the bia2 mutants, but BIA1 failed to rescue the phenotype of the bia2 mutants (Fig. 8) . This genetic evidence further suggested that BIA2 and BIA1 have distinct functions. Further studies with the catalytic substrates, response signals, and other regulators of BIA2 and BIA1 are needed to elucidate their distinct functions.
Supplementary data
Supplementary data are available at JXB online. Fig. S1 . Real-time qRT-PCR analysis of BIA1 and PIZ in the bia2-1, bia2-2, and WT plants grown in the light and dark. Table S1 . Sequences of primers used. Table S2 . Expression levels and annotations of DEGs using the restrictive conditions of fold-change ≥1.2 and a false discovery rate ≤0.05. Table S3 . DEGs annotated to the KEGG pathways. Table S4 . Genes related to brassinosteroid biosynthesis and inactivation.
